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Pseudomycin A is a cyclic lipodepsinonapeptide phytotoxin produced by a strain of the plant patho-
genic bacteriunPseudomonas syringakike other members of this family of bacterial metabolites, it is
characterised by a fatty acylated cyclic peptide with mixed chirality and lactonic closure. Several biologi-
cal activities of Pseudomycin A are lower than those found for some of its congeners, a difference which
might depend on the diverse number and distribution of charged residues in the peptide moiety. Hence,
it was of interest to investigate its conformation in solution. After the complete interpretation of the
two-dimensional NMR spectra, NOE data were obtained and the structure was determined by computer
simulations, applying distance geometry and molecular dynamics procedures. The conformation of the
large ring of Pseudomycin A in solution includes three rigid structural regions interrupted by three short
flexible regions that act as hinges. The overall three-dimensional structure of the cyclic moiety is similar
to that of previously studied bioactive lipodepsinonapeptides produced by other pseudomonads.

Keywords :lipodepsinonapeptide ; molecular dynamics; NMRseudomonas syringa®seudomycin A;
solution structure.

Pseudomycin A is the major component of a family of antigomycin E, the prototype of pseudomonad lipodepsinonapep-
mycotic lipodepsipeptides isolated from culturesRsfeudomo- tides, in a number ofn vivo and in vitro biological tests has
nas syringaeMSU 16H (Harrison et al.1991), a bacterium pro- shown that, in general, the efficiency of Pseudomycin A is lower
posed for the biocontrol dbphiostoma (Ceratocystis) ulnthe than that of Syringomycin E (Di Giorgio et all997).
causal agent of the highly destructive Dutch elm disease (Lam As a further step towards the complete molecular character-
et al., 1987). Recently, the covalent structure of this bacterigation of Pseudomycin A, its solution conformation has been
metabolite, including the chirality of amino acid residues (Ballignvestigated by NMR and computer simulation, applying dis-
et al., 1994a), and some of its biological activities (Di Giorgiotance geometry (DG) and molecular dynamics (MD) procedures
et al.,1997) have been reported. Pseudomycin A, as well as ftem NMR and NOE spectroscopy data, after the complete as-
congeners Pseudomycin B, Pseudomycin C and Pseudomysignment of the NMR spectrum.

C', belongs to the group of pseudomonads lipodepsinonapep- A similar approach yielded conclusive information on the
tides which includes Syringomycins (Segre et 889; Fukuchi structure of the lipodepsinonapeptides white line inducing prin-
et al.,1990a), Syringotoxins (Ballio et al1990; Fukuchi et al., ciple (WLIP) (Mortishire-Smith et al.1991) and Syringotoxin
1990b) and Syringostatins (Isogai et d990). At variance with (Ballio et al.,1994b) and of the eicosipentapeptide Syringopep-
the latter metabolites, the pseudomycins contain an aspartate tes25A (Ballio et al.,1995).

idue and a lysine residue in the peptide moiety, features which

might influence their conformation and biological properties. A

comparison between the activities of Pseudomycin A and Syrin-

_ MATERIALS AND METHODS
Correspondence td/. M. Coiro, Dipartimento di Chimica, Uni-

versitadi Roma ‘La Sapienza’, p.le Aldo Moro 5, 1-085 Rome, Italy NMR spectroscopy. Samples for NMR studies were pre-
Fax: ?39 6490324, " o pared by dissolving about mg lyophilised sample in 0.8 ml of
E-malil: coiro@monet.chem.unironat either DO or H,O/D,O (9:1, by vol.). NMR spectra of Pseu-

AbbreviationsA bu, 2,4-diaminobutyric acid; Asp(OH), 3-hydroxy- . .
aspartic acid; 2D, two-dimensional; DG, distance geomaediip-Thr, domycin A were run at 2C on a Bruker AMX600 instrument.

allo-threonine; Dhb, Z)-2,3-dehydro-2-aminobutanoic acid; NOE, ~ 1Wo-dimensional NMR experiments were performed in the
nuclear Overhauser effect; MD, molecular dynamics; Thr(Cl), 4-chlorg2hase-sensitive mode with a TPPI (time proportional phase in-
threonine; TPPI, time proportional phase increment; SA, simulated a@rfement) phase cycle (Marion and Wiithrict§83) typically
nealing; WLIP, white line inducing principle. using 1 K of memory for 512 increments.



450 Coiro et al. Eur. J. Biochem. 257

The procedure proposed by Nilges et 4b&8) was used, as
described in Figl. We used100 cycles of Powell minimisation
(Powell,1977) of van der Waals, bond and NOE terms da00
vdW, bond and NOE terms subsequent cycles of the bond angle terms to improve the cova-
lent geometry of the embedded structures. This was followed by
a molecular dynamics simulation stage, starting at a temperature
of 2000 K, to introduce the chirality and planarity. The correct
handedness of the structure was established on the basis of the
lowest energy of the embedded structures. The subsequent stage
I was the cooling of the structures to a final temperaturé0df K
with increased van der Waals’ terms. Finally 200 steps of Powell
minimisation of the structures were performed. The obtained
structures were then refined by a further simulated annealing

I stage consisting of000 steps of MD calculation at 2000 K and
| Simulated Annealing (SA) | then of 1000 cooling steps to a final temperature1l®0 K. The
I van der Waals' interactions were softened to enable atoms to
move through each other. The structures obtained were then sub-
| Minimization l jected t0100 cycles of energy minimisation using the conjugated
| gradients of Powell algorithm. The criteria of acceptance
adopted for the generated structures were: deviation of the actual
distance,r;, from the experimental upper distanag, deter-
mined by the NOE intensity; =r; + 0.05 nm; rms difference
| for the covalent bond deviations from ideality €f0.001 nm;
rms difference for bond angle deviations from ideality<oP°.

Cluster analysis.The program MacDendro (Thioulouse,
Fig. 1. Flowchart of the distance-geometrysimulated-annealing pro- ~ 1989) was used for a cluster analysis. The aim of this analysis
tocol. is to place structures into clusters, such that structures within a

given cluster tend to be similar and structures within different
clusters tend to be dissimilar. To do this, a non-hierarchical parti-

Zero filling was used to obtain AKX 1 K real matrix. The tioning algorithm was used: a tentative number of clusters (K)
number of scans was optimised in order to obtain a satisfactasygiven as input and the initial partition is set at random; the
signal/noise ratio. program output gives the best partition of the structures in the

Correlation experiments were performed using total correlaumber of clusters chosen. Using different K values as input,
tion experiments (TOCSY), with the spinlock composite pulsthe best K can be obtained. The algorithm was applied to the
sequence inserted (Braunschweiler and Erf283) and a typi- distance matrix between all pairs of spatial structures. The dis-
cal mixing time of 0.080 s in order to observe both direct anthnce matrix was obtained as follows: given a set of N struc-
remote connectivities. The mixing time for the NOE magnetisdures, for each pair of structurés the distances between the
tion exchange was 0.080 s. same backbone atoms in the two structures were calculated and

Data were processed with Bruker two-dimensional NMRhe root mean squarg of all the distances (rmsd) was obtained.
software. Free induction decays were weighted by a sinebgllrepresents the element of the distance matrix, so that each
apodisation function shifted typically/3 in both dimensions.  structure is represented by a row of N elements in the matrix

A baseline correction was carried out in both dimensiorend can be represented by a point in an N-dimensional space.
using a polynomial fit routine present in the same program. Hence, the ensemble of N structures gives rise to a cloud. The

Computer simulations. The search for the structure that accloud can be partitioned into clusters and the quality of the parti-
counts for the experimental NOEs was performed by distantien can be judged by the inertia rat® = (between clusters
geometry-simulated annealing (DG6SA) and molecular dy- moment)/(total moment); the highBris, the better the partition.
namics (MD) simulations. Most of the algorithms used in MacDendro are described by

Distance-geometrysimulated annealing procedurdG—  Roux (Roux,1985).

SA, energy minimisation and the subsequent analysis of the Energy parametersThe CHARMM force field was used to
structures were performed using the standard X-PLARv8r- model the peptide (Brooks et ali983b; MacKerell et al.,
sion (Briinger]1988). The calculations were based on the hybridg92), and the TIP3P model was used for water (Jorgensen et
distance geometrysimulated annealing protocol (Kirkpatrick etal., 1983). Polar hydrogen atoms were explicitly included in this
al., 1983; Wagner et al.1987; Nilges et al.,1988) using the model and the hydrogen bond was modelled as a purely electro-
force field included in X-PLOR for DG SA calculations. Fur- static interaction. Electrostatic interactions were truncated on a
ther refinements were performed with the CHARMM empiricaljroup basis at a distance of 0.9 nm. A dielectric constant of
energy function (Brooks et ali983a; MacKerell et al.1992). was used.

Distances estimated from 2D NOESY spectra were classified Restrained molecular dynamids vacua The calculations
into three groups as strong, medium or weak and given uppgére based on an energy function approach: the total energy of
bounds of 0.32, 0.40 and 0.50 nm, respectively (Kaptein et alhe molecule was given by the combination of an empirical and
1988). For prochiral methylene or methyl groups, pseudoatorgf effective energy term.

were used and an additional distance term of 0.05 nm was added

to the upper distance bounds. Eiotes = Ecmpirical T Estrective

The peptidic torsion angles were restrainedrans confor-
mation by adding a proper dihedral potential. A restraining pd-he empirical potential energy function contained terms repre-
tential for y angle of the 2,3-dehydro-2-aminobutanoic (Dhbjenting bond angles, dihedrals, improper dihedrals, and van der
residue was included to maintain tleconformation. Waals’ and electrostatic interactions.

Minimization
of

Minimization
of

bond angle terms

Molecular dynamics (MD)
at T=2000 K

MD + SA
with soft vdW potential

Minimization
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CO-CH,-CHOH-CHOH-(CH,), -CH; Table 1. Chemical shifts and assignment ofH NMR spectrum.
L-Ser 2— D-Ajbu 3— L-Asp 4— L-Lys 5— L-A,bu 6 Residue o ppm Residue 9 ppm
o) Assign. 'H Assign. 'H
L-Thr(4Cl) 10— L-Asp(30H) 9— Z-Dhb 8— L-allo-Thr 7  Fatl 2CH 2.58 Lys5 NH 8.36
2'CH 2.53 CH 415
Fig. 2. Primary structure of Pseudomycin A. 3CH 3.95 CH 2.02
4 CH 3.63 CH 1.36
5 CH 1.63 CH' 1.24
The effective energy function for the distance restraiggs, 5CH 1.57 CH 1.71
used was 6 CH 1.46 CH 2.99
— _ 412 ; + 6'CH 1.43
Bose = Kase 2 [0y = 1 iy =1 7-11CH 1.35 Abu6  NH 919
and 12CH 1.35 CH 4.59
E..=0 if ry=ry 13 CH 1.33 CH 2.33
14 CH 0.90 CH' 218
wherer;’ is the upper bound of the distance previously reported CH 315
and, r; is the calculated distanced,, was set at 486 kJ - Ser2 NH 8.90
mol~" - nnT2 All bond lengths were kept fixed with the SHAKE CH 4.76 allo-Thr7 NH 8.48
algorithm (Ryckaert et al1,977). The temperature of the system CH 4.39 CH 4.20
was kept constant by weak coupling to a thermal bath (Berend- CH 410
sen et al.,1984). The time step of integration was 2 fs. The mpfzbu3 '\f‘H 8.83 CH 1.35
protocol was the following: aftetO0 steps of Powell minimisa- g,,: ggé DhbS NH 9.65
tion (Powell,1977) 30 ps of MD simulatiorn vacuowere per- CH 392 CH 6.87
formed including the NOE restraints. CH 315 CH 1.77
Stochastic boundary molecular dynami®dD simulations
in water were carried out with the stochastic boundary methagps NH 8.46 Asp(OH)9 NH 7.85
(Brooks and Karplus1983; Brooks et al.1985; Briinger et al., CH 4.22 CH 5.02
1985). They included an approximately spherical region centred CH 2.73 CH 4.83
on the N atom of serine, with a radius 4 nm. The sphere oH 2.87
was filled with water molecules, so that a total of 980 water Thr(Cl) -~ NH 8.72
molecules resulted. After termalisation, each simulation was run CH 514
. - C’H 4.53
for 130 ps. The last00 ps were used for analysis. In these simu- CH 362
lations the effective energy functioky., was switched off. CH 3.55
RESULTS
_ The covalent structure of Pseudomycin A is reported IR A NOE cross-peaks indicating the through-space proximity
Fig. 2. observed, are summarised in Table 2, together with an estimate

o . of their relative intensity. The observed NOEs are not homoge-
{\rlwl\eﬂli;u;sﬁj%;??s%?yﬁmgn%?5(1]::T:sqg:f;sagwgﬁtﬁesﬁgcé?olEgei(\)/n ously distributed along the structure. This indicates that there
9 §ft flexible regions in the molecule which cancel the specific

eventually allowed the determination of the conformation in Scfiroton—proton magnetisation transfer

lution. The experiments were performed both inCDand in The measure of the dependence on temperature of the chemi-

HZO‘I{Eéocésr)T;élgter;sLs)i.gnment of the resonances was achieveu%ﬁ{ssmft of the NH amide protons of Pseudomycin A (Table 3)
the TOCSY spectrum, which identified all the spin systems o ws that some protons are shielded from solvent accessibility

the residues in the chemical exchange. In particular, the rather small temper-
) ature coefficient of the NH of 4&u3, Lys5,allo-Thr7, Dhb8 and

Particularly, the resonances present in the olefinic regio P . :
with a quartet of1:3:3:1, could be easily assigned to the pro-'@\Sp(Ol-l)9 indicates that they are involved in a hydrogen bond.

tons of the CH groups of the Dhb moiety as found in other

lipodepsipeptides (Segre et al989; Ballio et al.,1990,1991, Computer simulations. Distance-geometry-simulated anneal-

1994Db). ing and cluster analysisDG-SA computations were performed
In the aliphatic region the assignments were based on tmeluding in the calculations the NOE restraints obtained by

direct and remote scalar connectivities in TOCSY experimendMR data as reported in the experimental section.

and on the chemical shift values reported in the literature (Gross Fifty final structures were generated and the 30 best struc-

and Kalbitzer,1988). tures (low NOE violations and low total energies) were retained
The complete assignment of the resonances of the NMBr further analysis. The cluster analysis showed that the struc-
spectrum is given in Tablé. tures could be grouped into two classésand Il . The rmsds

The fingerprint region of the TOCSY spectrum in®D,0 among the backbone atoms were 0.08 nm antl ©m for
(9:1 by vol.) indicated the direct connectivity between the resalassed andll, respectively, and the rmsd between the average
nances of NH and those of“@ protons of the backbone structures of each class was 0.50 nm. The two clusters are well
(spectrum not shown). Together with the NOESY spectrum adeparated in space. In fact the centroides of the two clusters are
lowed the complete sequential assignment has been obtained.76 nm apart; clask-cluster is completely contained within a
NOE cross-peaks were observed among resonances and usgeersphere of 0.35 nm radius, while cldkseluster is con-
for the determination of the solution structure of Pseudomyctained within a hypersphere of 0.37 nm radius.
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Table 2. NMR NOE intensity observed.The relative intensity is re- Table 3. Chemical shift dependence on temperature of the amide
ported as s (strong), m (medium) and w (weak) as defined in the expegprotons.

mental part.
Residue 4+0.0025
Atom pair Intensity
ppm/K

Intraresidual NOEs Ser2 0.025

1) NH Dhb—CH Dhb (m/s) A.bu3 0.0a3

2) CH Dhb—C'H Dhb (m) Aspd 0.063

3) NH Asp—C'H Asp (m/s) Lys5 0.0063

4) NH A,bu6-C’H A,bub (m/s) ALbué 0.055

5) NH Asp—C/H/H' Asp (s/m) allo-Thr7 0.0038

6) NHLys—C'HLlys (s) Dhb8 0.0078

7) NH A bu3—-C’H A,bu3 (s) Asp(OH)9 0.0025

8) NH Ser-C*H Ser (w) Thr(CI)10 0.0131

9) NH Ser-CH Ser (w)

10) NH Asp(OH)-C*H Asp(OH) (w)

11) NH allo-Thr—C*H allo-Thr (w)

12) NH allo-Thr—C’H allo-Thr (s) Table 4. Structural statistics®

13) NH allo-Thr—C'H allo-Thr (m/s)

14) NH Lys—CH Lys (w) Structural parameter Class Classll ©

15) NH Lys—=C°H' Lys (m/w)
16) NH Lys—C’H Lys (w) <Backbone atom rmsd to

. meary ¢ (nm) 0.08 = 0.03 011 = 0.03
Interresidual NOEs
§ <All heavy atom rmsd to
1) NH Dhb—CH allo-Thr (m) mear> (nm) 0.30 = 0.06 0.43+ 0.05
g; g: ﬁllg-—TS}r—l_ANHblﬁisp(OH) E‘S) <rmsd from experimental
Y o distance restraints® (nm) 0.004+ 0.001 0.049+ 0.008

4) NH Ser-C'H Lys (w) )

5) NH Lys—C'H Asp (W) <rmsd from expenmen_tal

6) NH Abu3—C’H Asp (m) dihedral angle restraint®

7) NH Abu3—C’H Ser (miw) ©) 0.008+ 0.020 0.422= 0.582

8) NH A;bu3—C*H Ser (m/w) <Overall energy (kJ/mol) 67 =*21 109 +38

9) NH Thr(Cl)—C"H Ser (m/w)
10) NH Thr(Cl)—C*H Asp(OH) (s) 2 Final refined structures obtained with Full Embed-DGSA protocol.
11) NH Ser-2 CH Fat (s) <> indicates average values.
12) NH Dhb—NH Asp(OH) (m)  Classl: set of 15 converged structures.
13) NH Lys—NH Asp(OH) (w) ¢ Classll : set of15 converged structures.
14) NH Abu6—NH allo-Thr (w) 4 N, C and C of amino acid residues, without N of Ser residue.
15) NH Abu6—NH Lys (w) ¢ The rmsds from the experimental restraints are calculated with
16) NH Thr(Cl)—-NH Asp(OH) (w) respect to the upper limit of the distance and dihedral restraints. None

of the structures exhibited distance violations greater than 0.03 nm.
Observed long-range NOEs

1) C’H Dhb—CH Ser (m/s)

2) NH Asp—C'H Ser (w) and the Ser2 for clads$-structure, respectively, and to the pres-

3) NH Lys—C"H Ser (m/w) ence of the hydrogen bonds. Hereafter we will discuss the results
4) NH Asp(OH)-C*H Ser (m) obtained in the lastiO0 ps of the simulation in water. The

5) NH Asp—C'H A.bu6 (w) average potential energies of the two classes are comparable
6) NH Dhb-CH Ser (w) within one standard deviation, being806+ 64 kJ/mol and

7) NHABU3-CH Lys W) 1773+ 78 kd/mol, for classl and I, respectively. The two

classes showed a different pattern of hydogen bond network, as
reported in Table 5. The chemical shift behaviour of the NH
proton resonances, reported in Table 3, can be compared with
It has to be pointed out that the experimental NOE restraintise hydrogen bonds observed in the MD simulation (Table 5).
involve mainly the backbone atoms. As a consequence, tfiee NMR results (Table 3) indicate which protons are shielded
structures obtained are more reliable for the backbone than foom solvent and less accessible to exchange dynamics. Table 5
the side chains. shows that clask-structure exhibits three hydrogen bonds with
The structure of each class with the lowest deviation frogood donoracceptor distance and angle; they are thehliN3
the average structure was taken as the most representative st@éatl, N Asp(OH)9-0 Lys5 and N Asp(OH)9-O A;bu6, re-
ture of the class and was used for further MD simulations. Struspectively. The amidic protons involved have small temperature
tural statistics for clasé (15 structures) and clags (15 struc- coefficients. The two other hydrogen bonds of clgds Dhb8—
tures) and differences between atomic rmsds are given in Ta-lys5 and N Abu6—0 Asp4, have less favourable angular val-
ble 4. ues (11° and 103°, respectively) and involve amidic protons
Molecular dynamics simulationsThe most representative with intermediate and large temperature coefficients, respective-
structure of each class was subjected to 30 ps MD simulationly. Thus, the hydrogen bonds observed in the MD simulations
vacuofollowed by 130 ps MD in water. are confirmed by the experimental NMR data. However, the
The simulationgn vacuoand in water gave comparable re-NMR data show that two other amidic protons are involved in
sults in terms of the overall shape of the molecule. The maiintramolecular) hydrogen bonds: the HN of Lys5 with an inter-
differences were due to a rotation of the dihedral angles involmediate temperature coefficient and the HNadib-Thr7 with a
ing the Ser2 and the lactone ring closure for clastructure small temperature coefficient. Though they were not involved in
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Table 5. Hydrogen bonds detected during the last 100 ps of molecu- Table 7. # and y turns during the last 100 ps of molecular dynamics
lar dynamics simulation in water. Hydrogen bonds common to both simulation in water. Averaged dihedral angle values.
classes are marked.

Turn Positioni+1 Positioni+2 f-turn Occur-
H bond Donor- Average Occur- type rence
acceptor angle rence 1) v 1) W time
average time
distance degrees %
nm degrees % Classl
Classl [}_turn :
N A.bu3-O Fat 0.26 132 70 N Dhb8-O Lys5 52 —150 —66 —27 II 76
N Abu6-0O Asp4 0.28 103 87 N Asp(OH)9-O Abué6 —66 —27 —55 —44 Il 54
¢ N Dhb8-0 Lys5 0.33 111 71
N Asp(OH)9-O Lys5 0.33 148 61 y-turn:
* N Asp(OH)9-0 A,bu6 0.32 137 54 N A,bu3-0 Fatl 67 —69 70
N Abu6—0 Asp4 6 —95 87
ClasslI
N Ser2-0 Lys5 0.33 100 51 Classll
N Asp4—0O Ser2 0.28 101 97 p-turn:
N Lys5-0 Ser2 0.30 161 91 N Lys5—0O Ser2 67 —100 -85 —15 I 91
+ N Dhb8-O Lys5 0.32 149 94 N Dhb8-0O Lys5 54 33 37 46 Il 94
* N Asp(OH)9-0 Azbub 0.26 147 100 N OH-Asp9-0O Abué 37 46 1 14 ' 100
y-turn:
N Asp4—0 Ser2 67 —100 97

Table 6. Distance constraint violations: NOE effects observed in the

NOESY spectra. The relative intentisy is reported as strong, medium

and weak as defined in the test. (V) Pseudoatom, located at the geometric

center of the involved proton positions. An additional 0.05 nm was | may be concluded that the hydrogen bond pattern exhib-
added to the upper limits of NOESY distance constraints to allow fof, by class- structure corresponds better than that of class-
the use of pseudoatoms. structure to the experimental evidence.

NMR NOE NOE  Molecular dynamics average In Table 6 the distance violations which occurred in the sim-
inten-  distances (rms fluctuation) for ulation are reported. Again, the clalsstructure shows a better
sity agreement with the experimental data than does that of tllass

Classl Classll Structural analysis of classésandll . In Table 7 the second-
ary structures found in the MD simulation in water are reported
nm (Table 7). The class-structure is characterised by the presence

0.62 (0.03) L of four consecutive turns. The sequencesiF&er2-A,bu3
052 (0:02) 0.56 (0 and Asp_4— LysS—Azbue_form twoy-turn structures although the
T (V)0.71 (0.03) ¢ly torsion angles QeV|ate from th.e usual values, betagind
- 0.62 (0.04) Y67 and—69 (with rms fluctuations of 4 and13°) and ¢
- — 0.40 (0.00) andws 61° and —95° (with rms fluctuations of 7 and 17°),
- - 0.65 (0.a) respectively (Rose et all985). A turn involves the residues
Lys5—A,bu6—allo-Thr7—Dhb8, stabilised by a hydrogen bond
between CO of Lys5 and NH of Dhb8 with an occurrence time
of 76%; it can be defined as type With ¢s, we ¢, and y,
hydrogen bonds in the simulation in water, they were involveaveraged dihedral angle values of°’52150°, —66° and —27°
in the simulation in vacuo. In addition, the average deree- and rms fluctuations of % 17°, 13° and 11°, respectively. Fi-
ceptor distances Mllo-Thr7—0O Lys5 and N Lys5-O Ser2 and nally, a second turn involving the residues Au6—allo-Thr7—
N— H- .. Ocorresponding angles in water were 0.35 nm andhb8—Asp(OH)9, stabilised by a hydrogen bond between CO
70° and 0.40 nm and 26°, respectively, thus suggesting thatof Abu6 and NH of Asp(OH)9, is present wiihy, v, ¢ and
they could be detected by a wider sampling of the conformas, averaged dihedral angle values-666°, —27°, —55°, —44°
tional space allowed for clagsi.e. with a much longer simula- and rms fluctuations of3°, 11°, 9° and 7, respectively and an
tion. To speed up the simulation, a new simulation was pesecurrence time of 54%; it can be defined as a typefiturn
formed in water at a temperature of 325 K. In this simulation wgRose et al.1985).
have observed, with small occurrence, two additional hydrogen Due to the flexibility of the torsion angles involved, a con-
bonds: one between the amidic protoratib-Thr7 and the oxy- formational flexibility, in particular of the region from residue 6
gen of Lys5 and one between the amidic proton of Lys5 and tie 9, is observed. In Fig. 3a the superposition of the conforma-
oxygen of Ser2, respectively. tions obtained every 4 ps is reported.

The hydrogen bond pattern of cladsstructure is different. The clasdl structure also has four consecutive turns. The
A comparison of the MD and NMR results shows that the expesequences Ser2A,bu3—Asp4 forms ay-turn structure although
imental data account for two amidic protons, HN ofo3 and the ¢/y torsion angles deviate from the usual values, bebag
HN of allo-Thr7, with small temperature coefficients, not in-and y; 67° and —100° (with rms fluctuations of 5 and 10°),
volved in any intramolecular hydrogen bond in the MD simularespectively (Rose et al1985). A f turn is stabilised by a hy-
tion in water. MD simulation$n vacuoand in water at a temper- drogen bond between CO of:Bu6 and NH of Asp(OH)9, with
ature of 325 K did not show any intramolecular hydrogen bonain occurrence time of00%. The average)/y dihedral angles
for these protons. are ¢, = 37°, y, = 46°, ¢ = 71° and y; = 14° with rms

HN Ser2-C”"H Lys5

HN A bu3—CH Asp4

HN Asp4—CFH A,bu6

HN Lys5—HN Asp(OH)9
HN allo-Thr7—C’H allo-Thr7
HN A.bu3—C’H Lys5

svssxgs
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Fig. 3. Superposition of the backbone and fatty chain conformations obtained every 4 ps during the last 100 ps of MD simulation in water.
(a) Clasd; (b) classll .

Fig.5. Structure of PS-A obtained from MD simulations starting
from the representative structure of class |.Hydrogen bonds are re-
ported as dashed lines.

Fig._4. Superposition of the conformationally comparable b_ackbone No appreciable temporal changes in the valueg/pfangles
regions of the average structures of clas_,ses | and 1{a) Region from were observed in the molecular dynamics trajectory. This im-
C of A,bu6 to N of Asp(OH)9. (b) Region from “Cof Ser2 to C of . . L
Lys5. (c) Region including the N-terminal Ser2 and the C-terminal Asr_)_arts some higher conformatlon_al rigidity to the whole backbone
p(OH)9 andallo-Thr(CI)10 residues. ring of the .classH structure relat!ve to the pla$sstructure. Th.e
superposition of the conformations obtained every 4 ps is re-
ported in Fig. 3b.
fluctuations of 4, 8°, 9° and 19°, respectively. Thig turn cor- An examination of the resulting structures shows that the
responds to the one observed in conformenowever, they are two classes have three backbone regions which are comparable
of a different type, the former being of 1lype, althoughp,, v, with respect to conformation. The first one extends fromo€
i1y Wiy, dihedral angles somewhat deviate from the standafdbu6 to C of Dhb8, as shown in (Fig. 4a). The rmsd of back-
values (Rose et al1985). Anotherf turn, with an occurrence bone atoms € N, C in residues, between the average class-
time of 94% is stabilised by a hydrogen bond between CO efructure and the average cldksstructure, is 0.0% 0.02 nm.
Lys5 and NH of Dhb8. It hagh/y dihedral angles with average The second one extends from & Ser2 to C of Lys5, as shown
values of ps = 54°, ys = 33°, ¢, = 37 andy, = 46° and in Fig. 4b. The rmsd of backbone atoms @, C, O in residues,
rms fluctuations of 5 5° 4° and 8, respectively. Thigs turn  between the average clakstructure and the average cldbs-
corresponds to that observed for confornhgibut also in this structure, is 0.040.03 nm. The third region includes the N-
case of different type, being of type ‘lllalthoughd, v, ¢.,, terminal Ser2 and the C-terminal Asp(OH)9 albb-Thr(CI)10
v+ dihedral angles somewhat deviate from the standard valuesidues involved in the lactonic ring closure (Fig. 4c). The
(Rose et al.;1985). Anotherf turn is stabilised by a hydrogen rmsd of backbone atoms*ON, C in residues, atoms”@nd O
bond between CO of Ser2 and NH of Lys5, with average dihef Ser and @, C2 of fatty acid, between the average class-
dral ¢s, ws, ¢, wa angles of 67, —100°, —85° and —15° and structure and the average cldssstructure, is 0.0%0.02 nm.
rms fluctuations of % 10°, 9° and 11°, respectively. This turn A few backbonep/y dihedral angles vary markedly between
can be classified as a' If turn. classt and clasdt structures. These ab, s, s, We ¢s and
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¢, and are responsible for the overall shape difference betweenSyringotoxin, a bioactive metabolite ¢fseudomonas syringgav.
the two structures. §yringae FEBS Lett. 269377—380.. ) )
The fatty chain in both classes is almost flexible, ifpallio, A., Barra, D., Bossa, F., Collina, A., Grgurina, I., Marino, G.,

agreement with the observation of only one contact involving Moneti G., Paci, M., Pucci, P., Segre, A. L. & Simmaco, N9g1)

the fattv chai v with Ser2 Syringopeptins, new phytotoxic lipodepsipeptidesRgeudomonas
€ la ty chain, namely with Serz. . syringaepv. syringae FEBS Lett. 291109—-112.

In Fig. 5 the conformation of the classstructure, which Ballio, A., Bossa, F., Di Giorgio, D., Ferranti, P., Paci, M., Pucci, P.,

better corre_sponds than the cldsstructure to the experimental  scaloni, A., Segre, A. & Strobel, G. A1994a) Novel bioactive
NMR data, is shown. lipodepsipeptides fronPseudomonas syringa¢he Pseudomycins,
FEBS Lett. 35596—100.
Ballio, A., Collina, A., Di Nola, A., Manetti, C., Paci, M. & Segre, A.
DISCUSSION (1994b) Determination of structure and conformation in solution of
Knowledge of the conformation in solution of bioactive sub- Syringotoxin, a lipodepsipeptide frorRseudomonas syringapv.
stances that interact with biological membranes is an important ?(/)rlngaeby 2D NMR and molecular dynamicSruct. Chem. 543~
requirement for the interpretation of their mode of action at _th§a|io, A., Bossa, F., Di Giorgio, D., Di Nola, A., Manetti, C., Pai,
molecular level. The present paper reports the three-dimensionaly; "scaloni, A. & Segre, A. L. {995) Solution conformation of
solution structure of PseudomyCIn A, a bacterial amphlphlllc thePseudomonas syringaev. syringaephytotoxic lipodepsipeptide
lipodepsinonapeptide which belongs to a family of compounds SP25-A: 2D NMR, distance geometry and molecular dynaniios,
affecting several membrane functions in plants (lacobellis et al., J. Biochem. 234747—-758.
1992; Di Giorgio et al., 1994, 1996a,b,1997; Camoni et al., Berendsen, H. J. C., Postma, J. P. M., van Gunsteren, W. F., Di Nola,
1995). The solution structure was elucidated by computer mo- :ktﬁrr?aﬁgtﬁj Féh‘le?g%mgeg%%%g}gg%cs with coupling to an
Iecula}rslcr)néjldatlgns allr’plty'S% bothf [I)IG anq MDdrgg[T\?'\(/jlsRWIth ﬂt]graunschweiler, L. & Ernst, R. R1983) Coherence transfer by isotropic
use o ala coflected irom fully assigne spectra mixing: application to proton correlation spectroscopyMagn. Re-
(Ballio et al., 1994a). Classeband |l of conformers were ob- o, 53521528,
tained from the simulations. Classshowed conformers that Brooks, C. L. Ill & Karplus, M. (1983) Deformable stochastic bound-
corresponded better to the NMR data. While the 2,3-dihydroxy aries in molecular dynamicd, Chem. Phys. 7%312—6325.
fatty acyl is substantially unstructured, as previously found fddrooks, R. B., Bruccoleri, R. E., Olafson, B. D., States, D. J., Swamina-
some related products (Ballio et a1994b,1995), the 28-mem-  than, S. & Karplus, M. {983) CHARMM: a program for macromo-
bered peptide cycle is notable for its content of some secondary- 'gﬁg';f zqg;gy,zr;lnlmlzatlon and dynamics calculatiahsComput.
Stru‘?hﬂ%\?(lefg?letwfejecildnﬁje?sirgr?glllgtrhu";?uer: in solution of PseE—rOOkS’ C. L.1Il, Briinger, A. T. & Karplus, M. (585) Active site dy-
; . " . namics in protein molecules: a stochastic boundary molecular-dy-
domycin A is probably conditioned by two pe_cuhar fe_atures of namics approachBiopolymers 24843—865.
the molecule: the presence of a Dhb acid residue, which confefiginger, A. T., Brooks, C. L. Il & Karplus, M. {985) Active site dy-
some conformational rigidity to the peptide chain, and the al- namics of ribonucleas®roc. Natl Acad. Sci. USA458-8462.
ternation of chiralities, which produces a conformational prefeBriinger, A. T. X-PLOR 3.1 Manual(1988) Yale University, New
ence for turns (Wilmot and Thornton988). Heaven, CT. ] _
Similarly to Syringotoxin, Pseudomycin A shows a ring concamoni, L., Di Giorgio, D., Marra, M., Aducci, P. & Ballio, A.1095)
formation which resembles the seam of a tennis ball, found for PSeudomonas syringagv. syringae phytotoxins reversibly inhibit

- : : : C ; . _ the plasma membrane'HATPase and disrupt unilamellar liposomes,
the first time in the bioactive lipodepsinonapeptide WLIP, pro Biochem. Biophys. Res. Commun, 218124,

duced by Pseudomonas. reactan@lortishire-Smith et al., p; Giorgio, D., Camoni, L. & Ballio, A. (994) Toxins ofPseudomonas

1991). _ _ S syringaepv. syringaeaffect H*-transport across the plasma mem-
An interaction of Pseudomycin A with biological mem-  prane of maizePhysiol. Plant 91 741—746.

branes is suggested by the striking similarity of its activitieBi Giorgio, D., Lavermicocca, P., Marchiafava, C., Camoni, L., Surico,
(lacobellis et al.;1992; Di Giorgio et al.1994,1997) with those G. & Ballio, A. (1996 a) Effect of Syringomycin-E and Syringopep-
of other natural peptides which affect the integrity of natural tins on isolated plant mitochondrighysiol. Mol. Plant Pathol. 48
and artificial membranes (Saberwal and Nagal@94). Specific _. 325-334. . .
studies demonstrated that Syringomycin E and SyringopeptiRéG'org'o’ D., Camoni, L., Mott, K. A., Takemoto, J. Y. & Ballio, A.

. : - : (1996b) Syringopeptind?seudomonas syringger. syringaephyto-
22A, 22B and 25A act like biosurfactant or ion-channel-forming ;i< resemble Syringomycin in closing stoma®ant Pathol. 45

compounds on biological membranes (Hutchinson et1805; 564—571.
Hutchinson and Grossi997) and phospholipid bilayers (Ca-bi Giorgio, D., Camoni, L., Marchiafava, C. & Ballio, A1097) Biolog-
moni et al., 1995; Feigin et al.,1996, 1997). It is likely that ical activities of Pseudomycin A a lipodepsinonapeptide fieseu-

the lipophilic character of Pseudomycin A, resulting from the domonas syringa#SU16H, Phytochemistry 451385-1391.
presence of the fatty acid tail, is the prerequisite for this interaigin, A. M., Takemoto, J. Y., Wangspa, R., Teeter, J. H. & Brand, J.
tion. The likely association of the cationic cyclic region with the G- (1996) Properties of voltage-gated ion channnel formed by Syrin-

L P ; gomycin E in planar lipid bilayers]. Membrane Biol. 14941—47.
&?;Omferi:?%r?rOUps of the phospholipids might further favoweigin, A. M., Schagina, L. V., Takemoto, J. Y., Teeter, J. H. & Brand,

J. G. (1997) The effect of sterols on the sensitivity of membranes to
the channel-forming antifungal antibiotic, SyringomycinBgchim.
Biophys. Acta 1324102—110.
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